Response and tolerance to flooding of potted open-pollinated seedlings, four ungrafted dwarfing clonal selections of Pyrus betulaefolia Bunge (PB), six of P. calleryana Decne (PC), and the same topworked to the Japanese pear 'Kosui' were investigated. The 3-yr-old trees were flooded for 15 days or 12 weeks and then examined for tree survival, growth cessation, shoot growth, adventitious root formation, and defoliation. Although the tolerance to water stress was higher in PC than in PB, the responses varied within and between the species. Some SPRB clones with greater tolerance than the PC control and SPRC clones developed adventitious roots on the trunk above the water surface. This may be a morphological adaptation to the stress. Prolonged flooding separated the rootstocks into 4 overall rankings: most tolerant (SPRB22), very tolerant (SPRB13, SPRB15, PC1, PC2, SPRC15, and SPRC20), moderately tolerant (SPRC3 and SPRC8) and least tolerant (PB seedling, PB4, SPRB1, SPRC5, and SPRC13). PC and its selection flooded for 30 days had significantly higher shoot growth, new roots, and higher 2,3,5-triphenyltetrazolium chloride (TTC) reducing activity in the fine roots than the PB ones. Within the SPRB clones, SPRB15 and SPRB22 exhibited the most shoot and new root growth. From the analyses of long and short-term flooding data, we categorized the selections SPRB15, SPRB22, SPRC15, and SPRC20 that developed adventitious roots with extended root activity as having superior ability to withstand water stress.
Differential Flooding Tolerance of Some Dwarfing Pear Rootstock Clones Selected from the Progenies of Pyrus betulaefolia and P. calleryana
Introduction
Soil adaptation is an important factor for any rootstock because it determines overall stock performance and interacts strongly with scion growth and productivity. In Japan, a recent trend is to cultivate fruit including pears in level areas as an alternative to growing rice. These relatively flat areas often become water-logged because of poor drainage and occasionally flooding during the summer rainy season (Iwagaki, 1994) . Moreover, the warm rainy season accelerates the activities of anaerobes in flooded soils that also increase the formation of potentially toxic compounds, severe O 2 deprivation and root injury. Thus, sustainable fruit tree cultivation in former rice paddies requires much research and careful consideration before planting.
Rootstocks vary in tolerance to water-logging (Rom and Brown, 1979) ; certain rootstocks may suffer partial destruction of roots, and therefore, do not die, but have reduced yield of poor quality fruit (Saunier, 1966) , by altering the chemical composition and appearance of fruit (Crane and Davies, 1989) . Fruit splitting has been reported for pears due to flooding (Raese, 1989) . In pear rootstocks, Lombard and Westwood (1987) noted that Pyrus betulaefolia (PB) was very tolerant and P. calleryana (PC) was highly tolerant to wet soils, based on field plots data on soil adaptation. PB that originated in northeast China with its cold winters is a vigorous rootstock with a deep root system that tolerates both wet and dry soils. PC that originated from the central China with warmer and heavy rainfall is a less vigorous rootstock than PB, but it also adapts to a wide range of soil types and hot and cold climatic conditions. However, it does not tolerate alkaline soils. Tamura et al. (1995) who tested Pyrus rootstocks for flood tolerance found two strains of PC that were more tolerant to flooding than those of PB and P. pyrifolia Nakai. Tamura et al. (1996a) also concluded that flood tolerant PC strains maintained alternate respiration during flooding; cyanide-insensitive respiration was found to play an important role in flooding tolerance of pear rootstocks.
PB and PC have recently become popular rootstock in Japan because they offer most of the desirable rootstock traits including resistance to Yuzuhada (rough fruit skin) disorder. This physiological disorder is very common when pears are topworked on seedlings of P. pyrifolia. In our pear rootstock trial, we have selected some dwarfing, easy to propagate, from the openpollinated progenies of PB and PC. Although they induce satisfactory dwarfing on Japanese and European scion pear cultivars, the inclusion of other important rootstock traits, such as flood tolerance is desirable. Therefore, in this work we sought satisfactory flood tolerant rootstocks among the selected dwarfing clones.
Materials and Methods
The experiments were conducted at the Research Farm of the Laboratory of Pomology, Faculty of Agriculture, Shinshu University. Ten genetically dwarfing Pyrus rootstock clones derived from open-pollinated progenies of PB and PC were selected after an 8-year of experimental field test, were evaluated with different anaerobic root environments. Dwarfing clones were generated from the inherently dwarfish seedlings with excellent rooting ability by asexual propagation (Robbani et al., 2006) . The selected clones from PB and PC were named SPRB (Shinshu University Pear Rootstock P. betulaefolia clone) and SPRC (Shinshu University Pear Rootstock P. calleryana clone), respectively. Plants for flooding experiments were propagated by softwood cuttings with intermittent mist of four SPRB (1, 13, 15, and 22) and six SPRC (3, 5, 8, 13, 15, and 20) clones together with the clones developed from their parental counterparts PB (PB4) and PC (PC1 and PC2) to serve as controls. Softwood cuttings were made in 1999, and 1-year-old cuttings were transferred to 10 L plastic pots and grown under normal field conditions. 1. Tolerance of rootstock clones as well as scion-stock combinations to a prolonged flooding (Expt. 1) For flooding treatment, 3-year-old clonal rootstocks of PB and PC topworked to 'Kosui' were evaluated in 2001. A set of ungrafted rootstocks were maintained as the control. Flood tolerance of the graft combinations and control trees was tested in triplicate in 2002. They were planted in 10 L pots containing clay loam soil. Open-pollinated seedlings of PB and PC were included in the test because these species are often crosspollinated. Control PB seedlings were also chosen to confirm the variation between them and the ungrafted control clones. The plants were flooded to approximately 5 cm above the top of the soil by placing the pots into an artificial water reservoir. A constant water level was maintained from 1 June to 30 August, 2002 at the end of which flooding responses, such as tree survival, growth cessation, shoot growth, defoliation, and adventitious root formation of the rootstocks were recorded. To evaluate their tolerance to extended flooding, shoot growth was measured periodically from the first unfolding leaf of each shoot that was labeled by wool at day 0 of flooding. The number of new leaves was also noted. Steponkus and Lanphear (1967) with little modifications. Fine roots (0.5 g FW) were sampled separately from each rootstock line, washed, cut into 1 cm pieces. The samples were submerged in 10 mL of TTC (0.1 g FW per 2.0 mL of TTC) incubation solution (0.4% TTC, 0.1 M potassium phosphate, pH 7.4). After the samples were incubated in the dark at 37°C for 3 h, 2 mL of 2 N H 2 SO 4 was added and kept for 5 min. Roots were then drained of TTC, rinsed twice with 99% ethyl acetate, and ground with 0.5 g quartz sand in 8 mL 99% ethyl acetate. The amount of formazan in the ethyl acetate extract was estimated with a spectrophotometer (Model 100-10, Hitachi, Japan) set at 485 nm by comparing the optical density with a standard curve constructed with pure 1,3,5-triphenylformazan (TCI, Tokyo Kasei, Japan). Formazan concentration is expressed as mg·g DW −1 ·h −1
.
Results and Discussion
1. Tolerance of rootstock clones as well as scion-stock combinations to a prolonged flooding (Expt. 1) 1) Tolerance of rootstocks Evaluation of flood tolerance between PB and PC species and their controls revealed that plant mortality was noted only in PB4 (one plant died at week 12 of flooding). Among the clones, plant mortality was observed only in SPRC13 after week 3 of flooding. Growth ceased early in both control trees and in PB4 trees followed by PB seedlings and PC1 (Table 1 ). The cessation of growth that occurred late in SPRB compared with SPRC was observed in both species. Hence, it is assumed that the clones in general have higher adaptive potential to flooding stress. Callus formation on the trunk above the surface of flood water occurred in both types of stocks, and their time of appearance did not vary significantly within species, but it did between species.
Adventitious rooting from the callus-like intumescences occurred only in PB species with excessive roots being initiated in clones SPRB13, SPRB15, and SPRB22, but not in the PC species. Adventitious rooting is an important factor for survival in water-logged woody plants, as reported earlier (Clemens et al., 1978; Gill, 1970; Hook and Brown, 1973; Kawase, 1981) , including PB and PC species (Anderson et al., 1984) . This type of rooting is attributed to the accumulation of IAA at the base of the flooded plants which promotes hypertrophy through its effects on cellulase activity (Wample and Reid, 1979) . Ethylene production is, likewise, related to the formation of adventitious roots in many flooded plants (Tang and Kozlowski, 1984) , particularly in pear rootstocks. Tamura et al. (1996b) found that ethylene evolution was induced earlier in PB than PC by flooding. However, they did not observe the morphological changes related to ethylene synthesis. In this experiment, adventitious rooting in PB species may be enhanced by an early induction of ethylene, although its production was not observed.
Emergence of adventitious roots only in the flooded PB species indicates severe damage to the original roots or reduction in root activity due to water stress. However, the formation of numerous adventitious roots in most of the SPRB compared with the control trees seems to indicate their higher rooting capacity. The average rooting by softwood cuttings are: SPRB 50-70% and PB control 20%, because these clones were selected mainly on the basis of their dwarfing growth and good rooting ability. Thus, while 80-90% and 33% of the softwood cuttings of SPRC and PC control, respectively, rooted, the PC species produced no adventitious roots. This result is comparable to those reported for Pyrus species by Tamura et al. (1995) , who pointed out that PC roots showed an alternate respiration mechanism during flooding stress.
2) Tolerance of scion-stock combinations
All the scion-stock combinations survived during the experimental flooding time except 'Kosui'/SPRC13 (one tree died after week 4). Growth of the scion-stock combinations was affected to a greater extent compared to the ungrafted stock clones. Inhibition of the scion growth was accompanied by early leaf wilting within week 1 of flooding followed by complete growth cessation within week 2 and callus formation within week 3. Little time differences were noted among the scion-stock combinations and their controls ( Table 2 ). The damage is quite apparent if the morphological symptoms between the scion-stock combinations and the clones are compared (Tables 1 and 2) .
Rootstock clones exhibited no prominent leaf wilting symptom, presumably because the demand for transpiration by the small canopies of small leaves was low. However, considerable wilting of scion leaves occurred on both clones ( Table 2 ) that is obviously correlated to the larger leaf area of 'Kosui', led to excessive water loss through transpiration and lowered nutrient uptake because of a reduction in root activity as noted by Schaffer et al. (1992) . The time required for callus formation for the scion-stock combinations was not significantly different (Table 2) although it occurred late in PC than in the PB species (Table 1) . Adventitious rooting from the callus occurred only in the grafts of PB species (Table 2) , but the amount was lower than that of the control (Table 1) . Shoot growth of 'Kosui' was decreased, accompanied by increased defoliation in response to prolonged flooding ( Figs. 1 and 2) . However, the evaluation criteria of shoot growth and growth cessation of 'Kosui' trees Table 2 . Response of scion-stock combinations ('Kosui'/SPRB or SPRC) to flooding for 12 weeks. were dissimilar because new shoot length and the number of new leaves were noted. This is attributed to internodal growth that continued although new leaf formation stopped, and the stiffness of the young leaves decreased. Growth cessation data (Table 2) are an approximation, based on several symptoms, such as growth inhibition, stiffness of the young leaves, and the ability to recover the leaf wilting stress. Flooding generally suppresses growth in both angiosperms and gymnosperms (Kozlowski, 1997) . This suppression is attributed to the synthesis of ACC in flooded roots and its transport and conversion to ethylene in the shoots (Bradford and Yang, 1981) . In our work, scion growth stopped mostly within week 2 of flooding in both PB and PC species followed by defoliation from week 4 that continued until the end of the experimental period ( Figs. 1 and 2 ). However shoot growth and defoliation of trees on PC1 and PC2 did not differ (Fig.  2) . A general constancy in shoot growth was observed for both species after week 3 of flooding but the defoliation percentage increased gradually in certain clones with the increase of flooding time. Therefore, the ultimate shoot growth and defoliation patterns of all the rootstocks were evaluated to make any conclusion from these two long-term adaptive responses. At the end of the experiment, shoot growth of PB4, PB seedling, SPRB1, SPRB13, SPRB15, and SPRB22 were: 6.4, 10.3, 10.8, 5.2, 6.6, and 15.5 cm, respectively; and the defoliation percentage were: 54, 50, 58, 25, 26, and 16, respectively. On the other hand, shoot growth of PC1, SPRC3, SPRC5, SPRC8, SPRC13, SPRC15, and SPRC20 were: 8.9, 5.5, 5.5, 1.9, 0, 10.6, and 9.4 cm respectively; and defoliation percentage were: 30, 45, 60, 40, 58, 32, and 33, respectively. 'Kosui'/SPRB22 combination showed the highest shoot growth and the lowest defoliation. Although shoot growth pattern between the two species was somewhat similar, defoliation percentage was generally higher on the PC rootstocks. Based on shoot growth and defoliation data, the relative flood tolerance of the rootstocks has been ranked, firstly, by comparing the controls between two species, followed by that within species; and then an overall ranking among the stocks.
The following ranking for the control clones of both species was PC1 and PC2 > PB4; for PB species was SPRB22 > SPRB13 and SPRB15 > SPRB1, PB seedling, and PB4; for PC species was PC1, PC2, SPRC15, and SPRC20 > SPRC3 and SPRC8 > SPRC5 > SPRC13. Consequently, an overall ranking between the two rootstock species was SPRB22 > SPRB13 and SPRB15 > PC1, PC2, SPRC15, and SPRC20 > SPRC3 and SPRC8 > SPRB1, PB seedling, and PB4 > SPRC5 > SPRC13. A varied degree of flood tolerance that was deduced from the above results revealed that scion performance was in proportion with the relative tolerance of the stock clones. The longer that trees are exposed to flooding, the greater was their potential to survive (White, 1973) .
To date, most reports on rootstock flood tolerance are based on short duration flooding, but very few studies have examined the flood tolerance of grafted fruit trees. Mizutani et al. (1982) found variability in flood tolerance in peach trees grafted on peach and Prunus japonica rootstocks. Our evaluation of both rootstocks and grafted trees to a prolonged flooding (Expt. 1) is more conservative than the short-term flood tolerance ranking in Expt. 2. From the overall prolonged flooding sensitivity data on tree survival, growth cessation, shoot growth, adventitious rooting, and defoliation, the rootstocks can be graded as most tolerant (SPRB22), very tolerant (SPRB13, SPRB15, PC1, PC2, SPRC15, and SPRC20), moderately tolerant (SPRC3 and SPRC8), and least tolerant (PB seedling, PB4, SPRB1, SPRC5, and SPRC13) types.
Comparison between the controls of two species show that our findings are similar to those of Tamura et al. (1995) in that PC species are more tolerant than PB one, even though they used 1-year-old seedlings and studied different morphological and physiological attributes among three Pyrus species that were flooded for a very short duration. Conversely, Lombard and Westwood (1987) who compared among a number of Pyrus rootstocks including related genera, graded PB very tolerant and that of PC highly tolerant to wet soils. Their recommendation is based only on tree survival and growth data from established trees growing in orchards. PB is generally deep-rooted with a tap root compared to PC; therefore, the former may show more tolerance to wet soils than the latter. Besides, flood tolerance rankings vary according to the criteria on which tolerance is based (Scarano and Crawford, 1992) . In our case, long-term flooding ranked some SPRB clones (SPRB22, SPRB15, and SPRB13) more tolerant than controls of both species and SPRC clones. During a 10-year test we found significantly higher rooting potential in SPRB22, SPRB15, and SPRB13 when compared with SPRB1 and PB4. Since adventitious rooting (Table 1) and flood tolerance level of these clones are also higher, that genetic variation for traits associated with high rootability, adventitious rooting and flood tolerance may have been transmitted to these clones.
Responses of the rootstock clones to short duration flooding (Expt. 2) 1) Shoot-root responses
Short-term flooding caused no plant mortality although shoot growth on water-logged rootstocks generally was stunted (Table 3 ). Calculation of percentage of inherent growth variability among the stocks showed that it was significantly higher in PC1 than PB4. It was also higher in SPRC than SPRB with exception for particular clones (relatively higher in SPRB15 and SPRB22; no growth in SPRC13). Tamura et al. (1995) , likewise, had reported that significant shoot growth reduction in less flood tolerant Pyrus species at day 14 after flooding. In a flooding experiment with apple rootstocks, Lee et al. (1982) noted that flooding for 30 days generally reduced stem growth of all rootstocks studied including the most tolerant Malus prunifolia.
In this experiment, no adventitious roots or callus-like intumescences were observed on any stock trunk. However, simultaneously emergence of new roots on the original root system was found in both species to indicate a common flooding response, but its extent varied among the stocks (Table 3) . PC1 control trees along with the SPRC clones initiated more new roots, but in PB species, only SPRB15 and SPRB22 produced new roots. Initiation of new roots by water stress has been reported on a wide variety of flood-tolerant and intolerant woody plants (Kawase, 1981) , but more roots are usually produced by flood tolerant species (Kozlowski and Pallardy, 1997) . Effective O 2 utilization capacity of pear roots under low oxygen tensions (Anderson et al. 1985) may account in part for the emergence of new roots in all flooded rootstocks. In contrast, severe O 2 deprivation in the rhizosphere of potted water-logged plants (Expt. 1) might have contributed to the formation of callus-like intumescences on the trunk for entry of O 2 and release of toxic compounds. Our data (Table 3 ) indicate a strong relationship between shoot growth and the formation of new roots.
2) Root activity assessments
Our evaluation on water stress on root metabolic activity revealed that TTC reduction occurred in flooded fine roots. Their reduction reflects the root respiration level (Comas et al., 2000) and has been used to separate live and dead fine roots (Clemensson-Lindell, 1994; Joslin and Henderson, 1984) . The TTC is absorbed by living cells, where it reacts with hydrogen atoms released by the dehydrogenase enzymes during cellular respiration (Kalina and Palmer, 1968; Somerson and Morton, 1953) . The triphenylformazan (TPF) that is produced by the reduction of TTC is a stable, non-diffusible substance that is easily extracted with an organic solvent like ethyl acetate and measured. Considerable variability in TTC reducing activity in flooded fine roots occurred because TTC activity generally decrease with extended flooding period. At day 15, TTC activity reduction percentage was > 40 in PC species and < 40 in PB species (Figs. 3 and 4) . This result is in accordance with that of Tamura et al. (1995) for Pyrus seedling rootstocks, where root activity declined gradually until day 14 of flooding, whereas it was elevated in the tolerant strains. Harris and van-Bavel (1956) stated that reduction in root respiration also has been shown to be one of the first plant responses to anaerobiosis.
For PB species, TTC reduction was higher in SPRB15 and SPRB22 than PB4 and SPRB13 (Fig. 3A) but difference in the percentage reduction on day 15 was insignificant ( Fig. 3B) . Among the PC species, SPRC15 and SPRC20 showed consistently higher TTC reduction than did the other clones, including its control (Figs. 4A , B, Table 1 ). The highest TTC reduction in SPRC15 and SPRC20 (Fig. 4 ) strongly correlated to higher shoot growth and new root formation (Fig. 3, Table 3 ) as did SPRB15 and SPRB22, indicating an interrelated adaptive response in Pyrus species. Moreover, emergence of new roots occurred earlier in SPRB15 and SPRB22 than it did in SPRB13 and PB4 (Table 3) . This implies that root activity in SPRB15 and SPRB22 tended to recover after a sharp decline. TTC reduction in the new roots was 3-4 times higher than that in the fine roots.
SPRB22 had the highest TTC reducing activity at day Fig. 3A) followed by SPRB15, but no difference existed by day 15. We attribute this to the greater stress on the SPRB22 roots caused by excessive uptake demand of shoots. This is reflected in the greater top/root ratios in FW and DW in SPRB22 than in SPRB15. However, results in Expt. 2 show that SPRB13 is more sensitive to root-zone flooding compared with the soil waterlogged plants in Expt. 1. But new roots in SPRB13 and PB4 assimilated significantly less fresh and dry matter than did those of SPRB15 and SPRB22. Thus, we conclude that adaptive responses to short-term flooding were higher in PC species than the PB one, just as they were for SPRB15, SPRB22, SPRC15, and SPRC20. Therefore, short-term flooding responses support our relative flood tolerance ranking established from Expt. 1. Characteristic adaptive responses from long and shortterm flooding, such as tree survival, growth cessation, defoliation, adventitious rooting, root activity, shoot growth, and emergence of new roots indicate that PC control clones are more tolerant than PB control clones. But among the dwarfing clones a range of flood tolerance exists; in that two SPRB clones, SPRB15 and SPRB22, have higher tolerance than PC controls and SPRC clones. From our analysis of long and short-term flooding data, it is possible to ascertain that clones, such as SPRB15, SPRB22, SPRC15, and SPRC20 can withstand flooding stress better than the other tested clones. They hold a promise as a sustainable scion-stock combination for wet lands. Moreover, these clones also have significant dwarfing effects on both Japanese and European pear cultivars.
(
SPRB22 has been ranked the most tolerant to the long and short-term flooding stress; however, 'Kosui' trees on this clone displayed the early leaf wilting symptom. Although 'Kosui'/SPRB22, scion/stock combination, recovered from the short-term water stress very quickly and exhibited significantly the highest shoot growth and the lowest defoliation, the response raises a question whether it may lead to physiological disorders, such as Yuzuhada or hard-end, cork spot decay and watercore. Therefore, we need to verify if SPRB22 is prone to such disorders under field conditions. This study and our previous trials suggest SPRB15 to be the most promising pear rootstock because it is easy to root; furthermore, the grafted scion cultivars exhibit precocity and yield more superior quality fruit.
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